Ultra-thin single wall carbon nanotubes (SWNTs) with a diameter of only 0.3 nm were synthesized in the nano-channels of AlPO4-11 porous single crystals. Raman spectra, with excitation wavelengths in the range from 457.9 to 647.1 nm, show excellent agreement with the density functional calculations of the Raman-active vibration modes of the armchair (2,2) SWCNTs. Calculated imaginary part of the dielectric function also displays qualitative agreement with the resonant Raman data. Interestingly, the (2,2) nanotube has two metastable ground state corresponding two slightly different lattice constants in axial direction, one state is metallic and the other is semiconducting. The polarizibility of the Raman modes agrees well with the calculated intensities for non-resonant Raman scattering, although the resonant Raman scattering plays a key role in the process. Both theory and experiment show the free-standing (2,2) SWNTs to be unstable. Confinement of the SWNTs in the nano-channels stablilizes the structure.
INTRODUCTION
Since their observation in 1993 [1, 2] , SWNTs have attracted extensive attention owing to their novel properties and many potential applications [3] . Small-diameter SWNTs are of particular interest. Significant hybridization between the * and * orbitals [4] in small-diameter SWNTs makes the nanotubes have much richer electronic functions in comparison with large-diameter nanotubes. Clearer quantum effects are expected for smaller diameter nanotubes which are quite exotic compared with larger diameter nanotubes. Especially, metallic nanotube has a density of states at the Fermi energy which is inversely proportional to the diameter and thus only small SWCNTs show superconductivity [5] [6] [7] [8] .
On the other hand, with decrease of the tube diameter, the strong curvature effect leads to a dramatic increase of elastic energy in proportional to 1/d 2 [9, 10] . Eventually, a free-standing SWCNT will become unstable because of too high system energy when its diameter is smaller than a critical value dc. Calculations based on energetic considerations [10] [11] [12] have shown that free-standing SWCNT with a diameter of 0.4 nm is only marginal stable thermodynamically [13] . Experimental observations have shown that the structure of free-standing 0.4 SWCNTs in a high vacuum can be irreversibly destroyed at a relatively low temperature of only 730 K [14] , in contrast to the large-diameter nanotubes which are thermally stable up to 4000 K [15] . The marginal stable carbon nanotubes can, however, be stabilized in a geometrically constrained environment. For example, 0.3 ~ 0.4 nm carbon nanotube have been found stable as the central shell of a multiwalled carbon nanotube [16] [17] [18] .
In our previous works, we fabricated 0.4nm SWNTs using nano channels of AlPO 4 -5 (AFI) zeolite single crystals as template [7, [19] [20] [21] [22] [23] . Although the stability of free-standing 0.4nm SWNTs is marginal, the 0.4nm SWNTs accommodated in the AFI channels are stable up to a temperature of 1000 K [24] . There are many different types of zeolite crystals with different specific channel structures. Thus template method with use of zeolite is a powerful technique to synthesize ultra-thin and mono-dispersed novel carbon nano structures. The periodic structures of zeolite crystals make it possible to build a quasi-3D structure for carbon nanotubes which is of importance for making optical and transport devices as it is. We have tried several possible zeolite structures and found that a new type of zeolite AlPO-11 (AEL) crystal system is a good template for synthesizing ultra-thin SWNTs with a diameter of only 0.3 nm.
EXPERIMENTAL
AEL single crystals were synthesized using a hydrothermal method [25, 26] . Briefly, aluminum tri-isopropylate ((iPrO) 3 Al) was mixed with H 3 PO 4 , dipropylamine ((CH 3 CH 2 CH 2 ) 2 NH, DPA) and HF acid solution to form a gel with a composition of 0.03SiO 2 : Al 2 O 3 : P 2 O 5 : 1.8HF: 400H 2 O: 2.2DPA. The gel was then put into a Teflon-lined stainless autoclave and kept at 185oC for about 50 hours for crystal growth. Fig. 1 (a) is a typical scanning electron microscope image of the as-grown AEL single crystals. The crystal is of Ima2 space group symmetry, with lattice constant a = 1.860 nm, b = 1.338 nm, and c = 0.841 nm. Its framework consists of alternating tetrahedrons of (AlO 4 ) -and (PO 4 ) + in the form of an open-ended one-dimensional channels. Fig. 1 (b) is a sketch of the crystal structure determined using a single crystal X-ray diffractometer (P4RA, Siemens). The cross-section view of the 10-ring elliptical channel is shown in Fig. 1 (c) in more details. The Al and P atoms (red spheres) are alternatively linked through oxygen atoms (gray spheres), forming an elliptical one-dimensional channel of cross-section dimension 6.9Å x 9.1Å (measured from center to center of the oxygen atoms). A pure AEL single crystal is optically transparent from ultraviolet to near infrared; it is thermally stable up to 1173 K. The ultra-small SWNTs were synthesized by pyrolyzing the DPA carbon precursor molecules that were incorporated in the AEL nano channels in a vacuum of 10 3 Torr at temperature 600 C. The AEL channels act as nano-reactors while serving as catalyst during the pyrolysis process, which makes it possible to carbonizing the DPA molecules at a much lower temperature in comparison to DPA molecules in free space. The carbon-nanotube contained AEL crystal (SWNT@AEL) behave as a good polarizer. It is black in color for the light polarized parallel to the c-axis of the crystal, and nearly transparent for the light polarized perpendicular to the c-axis. Raman signal was recorded using a micro-Raman system (Jobin Yvon T64000) equipped with liquid-nitrogen cooled charge-coupled-devise. 
RESULT AND DISCUSION
In Fig. 2 , we show the Raman spectrum of a SWNT@AEL single crystal measured using the 514.5-nm line of an Ar-Kr ion laser as the excitation. In general, the Raman spectrum exhibits three main features: (1) In the low-frequency region (300 -1100 cm -1 ), there exists a strong characteristic radial-breathing-mode (RBM) at 780 cm -1 together with some weak features of vibration modes; (2) The tangential G band in the high-frequency region (1500 -1620 cm -1 ) due to the bond stretching vibration in graphite. The G band is splitted into several modes because of the bending from a graphene sheet to a cylinder; (3) The complex feature in the intermediate frequency region (1100 -1500 cm -1 ). Raman-active modes have almost no intensity in this frequency region for a perfect large-size SWNT [3, 27] . Usually, so-called D modes are observed in this frequency region due to double-resonant effect (28) . The D modes are introduced by nanotube defects and disorder effect. However, the contribution of the D modes in the Raman spectrum showed in Fig. 2 is negligible small because of the following reasons: (1) The two Raman features centered at 1200 cm -1 and 1400 cm -1 are independent on excitation photon energy (not shown in Fig. 2 We attribute the two bands centered at 1200 cm -1 and 1400 cm -1 to the Raman active G modes. In SWNTs, tangential G mode is splitted into two structures labeled G + for the atomic displacements along the axial direction, and G for the atomic displacement along the circumferential direction. The lowering of the frequency for the G mode is caused by the curvature of the nanotube which softens the tangential vibration in the circumferential direction [29] . In both G + and G modes, there exist three components with symmetry of A 1g , E 1g and E 2g . Thus, the tangential G mode in SWNTs gives rise to a multi-peak feature, where up to six Raman peaks can be observed in a first-order Raman process [30] . While G+ is practically independent of tube diameter, G decreases when decreasing the tube diameter d [29, 30] . We will discuss these Raman active G modes in more details in the final paragraph.
Considering the van de Waals radius of the carbon atom and the dimension of the elliptical channel ( Fig. 1(c) ), the diameter of the nanotube in the channel can not be larger than 0.3 nm. There are three possible structures for SWNTs with a diameter of about 0.3 nm, they are the armchair (2,2), the chiral (3,1) and the zigzag (4,0) nanotubes. To understand the Raman modes measured for the SWNT@AEL, we calculated vibration modes for the three nanotube structures based on a density function approximation (31, 32) . The cut-off energy of the plane wave expansion was set to 700 eV, and a 5 x 5 x 10 k-point grid was applied on the reciprocal unit cells in all calculations. The atoms in the unit cells were fully relaxed until the force acting on each atom was less than or equal to 0.01 eV/Å, and the precision of the total energy of the unit cell converged within 0.1 meV. The optimized diameter, the formation energy and the vibration frequency of the radial-breathing-mode (RBM) were obtained by using infinitely long tubes and applying periodic boundary conditions along the axis of the nanotube. Vibration symmetries were identified by checking the symmetry of every vibration wave function. The results are presented in Table I . As a comparison, the related data reported in the literatures [18, [33] [34] [35] are also shown in the Table. Among the three structures, the zigzag (4,0) tube has the largest diameter (3.32 Å), followed by the chiral (3,1) tube (3.02 Å) and the armchair (2,2) tube (2.81 Å). Their formation energy differences are relatively small: the (4,0) tube has the lowest energy, with 0.15 eV/atom higher for the (3,1) and further 0.12 eV/atom higher for the (2,2) tubes, respectively. The vibration frequency of the characteristic RBM of the (4,0), the (3,1) and the (2,2) are 620 cm-1, 663 cm-1, and 760 cm-1, respectively. In comparison to the calculated RBM frequency, we conclude that the armchair (2,2) might be the only possible structure. The (4,0) and the (3,1) is too large to be comfortably hosted in the 6.9Å x 9.1 Å elliptical channel. The other Raman active modes in the low frequency region calculated for the (2, 2) SO? 't So are in good agreement with the frequencies observed in the Raman spectrum, which further confirmed that the armchair (2,2) structure might be the only type of SWNTs accommodated in the AEL channels. [18, [33] [34] [35] In generally, there only exist 8 Raman active vibration modes for an armchair with irreducible representation of 2A 1g +2E 1g +4E 2g (3, 27) . In Fig. 3 , we show all eigenvectors for the 8 Raman-active representations. One of the two A 1g modes is the RBM (760 cm -1 ) vibration where all carbon atoms move in-phase along the radial direction. The other A 1g mode is the tangential vibration in the high-frequency region. The E 1g modes always belong to the axial vibrations in armchair tubes. The E 2g modes represent the displacements in either circumferential or radial mirror planes. From the Raman spectrum (Fig. 2 ) and the density function calculation, however, we clearly observed more than 10 Raman modes. Comparing the Raman spectrum with the calculation, we noted that the E 2g modes at around 540 cm -1 and around 850 cm -1 are splitted into two modes. This splitting is reasonable, as the symmetry of the (2,2) must be lowered in comparison with cylinder-like large SWNTs. Obviously, the cylindrical symmetry is no longer a good approximation for a ultra-small SWNT. To verify vibration symmetries of these Raman modes, we measured polarized Raman spectra under different polarization configurations. Fig. 4 displays the Raman spectra of the RBM and the G + band measured at different polarization angles between the polarization (electric field) of the incident laser light and the nanotube axis. The spectra were recorded with parallel polarizations of the incoming and scattered light (VV configuration), as illustrated in the inset of Fig. 4 . All modes show maximum intensity when the polarization of the light (both the incident laser and the scattering Raman signals) is parallel to the nanotube axis ( = 0 ), while they become progressively weaker when the polarization angle is increased towards = 90 . This orientation dependence was fully reproducible for several distinct crystals. The complete angular dependences of the intensities I( ) of the A1g modes at 760 cm-1 (RBM) and 1591 cm Saito et al [36] have calculated the angular variation of Raman modes under non-resonant conditions for armchair tubes, where they predicted that the maximum intensity of the RBM signal under the VV configuration should occur at = 90 . The measured angular dependence of the RBM presented in Fig. 5 is, however, not compatible with the predictions. Instead, the angular dependence of these Raman modes can be described well by I( ) cos 4 ( ) for the VV configuration figure) shows similar angular dependence. This discrepancy has been attributed to electronic resonance effects and to depolarization effects caused by the strongly anisotropic geometry of the nanotubes [38] . A similar Raman polarization effect was also observed in aligned and bundled multi-walled carbon nanotubes [39] , and in an individually isolated SWNT [40, 41] . Although the general angular dependence of the G-band Raman signal is governed by the depolarization and electronic resonant effect, as seen in Fig. 4 , the relative intensity among the three compositional modes, A 1g , E 1g and E 2g , is different at different polarization angles. At 90 where both the laser light and the Raman signal are polarized perpendicular to the tube direction, the Raman intensity of the tangential vibration mode E 1g is negligible small. To extract the real angular dependence of these Raman active modes from the depolarization and electric resonant effect, in Fig. 6 we plotted the relative intensity of the E 1g and E 2g components of the G + band normalized by the intensity of the A 1g mode. As seen in the figure, the normalized Raman intensity of the E 2g mode increases monotonically when the angle increases from 0 to 90 , while the E 1g mode has a maximum intensity near 45 . The normalized angular dependence of the Raman intensities of these two modes agrees well with the calculation based on a non-resonant condition [36] . The perfect alignment of the ultra-small SWNTs in the channels of a micro-sized AEL single crystal offers us a good platform to study the Raman scattering properties by optical excitation along the nanotube axis, and thus to further verify the symmetry property of the vibration modes. The general feature of the Raman spectrum measured under the laser excitation along the tube direction with back scattering configuration is similar to that measured using the perpendicular excitation configuration. Under the parallel excitation configuration, the electric field of both the excitation and the Raman signal light is always in a direction perpendicular to the nanotube axis. Thus, the tangential vibration E1g mode (vibrating along the tube axis direction) should not appear under this configuration. In Fig. 7 (a) direction which is also the light propagation direction, as shown in the inset. For the sake of comparison, in Fig. 7 (b) we also show the polarized Raman spectra of the G + band measured under perpendicular excitation (detection) for the three polarization configurations (but denoted as ZZ, ZX and XX, see the inset). Comparison of the Raman spectra measured under different excitation (detection) directions reveals several differences: (1) The A 1g and E 2g modes dominate the spectra in all three polarization configurations with only a negligibly small contribution of the E 1g mode; (2) the lineshape and intensity of the G + band are nearly polarization independent. This polarization behavior agrees excellently with the symmetries of these tangential vibrating modes. Fig. 8 shows the angular dependence of the two A 1g modes of the RBM (top) and the G + (A 1g ) band (bottom) under VV and VH configurations, the same configuration as in Fig. 5 , but the signals were collected using the parallel excitation configuration (see the inset of Fig. 7) . Obvious contrast to Fig. 5 , in both VV and VH configurations the A 1g vibration modes (RBM and G + band) are almost isotropic in the plane perpendicular to the tube axial direction, reflecting the symmetry nature of these two vibration modes. Fig. 6 . (Left) Raman intensities of the E 1g and E 2g modes in the G + band frequency region normalized by the intensity of the A 1g mode. As seen in the figure, the normalized Raman intensity of the E 2g mode increases monotonically when the angle increases from 0 to 90 , while the E 1g mode has a maximum intensity near 45 . The perfect alignment of the ultra-small SWNTs in the channels of a micro-sized AEL single crystal offers us a good platform to study the Raman scattering properties by optical excitation along the nanotube axis, and thus to further verify the symmetry property of the vibration modes. The general feature of the Raman spectrum measured under the laser excitation along the tube direction with back scattering configuration is similar to that measured using the perpendicular excitation configuration. Under the parallel excitation configuration, the electric field of both the excitation and the Raman signal light is always in a direction perpendicular to the nanotube axis. Thus, the tangential vibration E1g mode (vibrating along the tube axis direction) should not appear under this configuration. In Fig. 7 (a) , we show the polarized Raman spectra in the G + band region collected under three polarization configurations of YY, YX and XX, where the letters indicate the polarization directions of the (incident, scattered) light. The SWNTs are orientated along the Z direction which is also the light propagation direction, as shown in the inset. For the sake of comparison, in Fig. 7 (b) we also show the polarized Raman spectra of the G + band measured under perpendicular excitation (detection) for the three polarization configurations (but denoted as ZZ, ZX and XX, see the inset). Comparison of the Raman spectra measured under different excitation (detection) directions reveals several differences: (1) The A 1g and E 2g modes dominate the spectra in all three polarization configurations with only a negligibly small contribution of the E 1g mode; (2) the lineshape and intensity of the G + band are nearly polarization independent. This polarization behavior agrees excellently with the symmetries of these tangential vibrating modes. Fig. 8 shows the angular dependence of the two A 1g modes of the RBM (top) and the G + (A 1g ) band (bottom) under VV and VH configurations, the same configuration as in Fig. 5 , but the signals were collected using the parallel excitation configuration (see the inset of Fig. 7) . Obvious contrast to Fig. 5 , in both VV and VH configurations the A 1g vibration modes (RBM and G + band) are almost isotropic in the plane perpendicular to the tube axial direction, reflecting the symmetry nature of these two vibration modes.
To reveal the electronic energy band structure, we have studied resonant Raman spectra for the ultra-small (2,2) SWNTs. Fig. 9 shows the Raman spectra in the low frequency region (400 -800 cm -1 ) excited using laser lines of different photon energies. The spectra are baseline-corrected and normalized to the laser power. A remarkable characteristic is the strong dependence of the Raman intensity on the excitation laser wavelength. The intensity is weak at the excitation of 530 nm laser line. With decrease in laser wavelength, the Raman intensity increases gradually, and the maximum Raman intensity is found at laser wavelength at around 472 nm (2.62 eV) with a strong peak at 760 cm-1 (RBM) and other modes within the frequency region. For shorter laser wavelengths, the Raman intensity drops again. The integrated Raman intensities of the A 1g mode (RBM) at 760 cm -1 and the E 2g modes at 502 cm -1 and 547 cm -1 are plotted in Fig. 10  (a) as a function of excitation laser photon energy. The signal intensities were corrected to the sensitivity of the monochromator system in addition to the laser power, and the intensity is normalized at its respective peak value. The similar intensity profile of these Raman modes further indicate that they result from the same origin. The Raman signals are obviously resonance-enhanced at two particular laser energies: a dominating peak at 2.6 eV and a weak peak at 2.2 eV, at which the excitation energies match those of the electronic transitions between van Hove singularity electronic states across the Fermi energy level. Theoretical simulations based on the density function approximation has been performed for the (2,2) SWNT to verify the resonant Raman profile. Fig. 11 (a) shows the total energy of the (2,2) tube unit cell plotted as a function of the lattice constant along the c-axis. It is interesting to note that there exist two local minima at c = 2.485Å and 2.580 Å, implying the (2,2) nanotube is of two meta-stable structures with the same symmetry but two slightly different values of the lattice constant c along the tube direction. Such double-structures are rarely found in other carbon nanotubes. The cause of this unique property can be traced to the intrinsic bonding behavior of the carbon atoms. The length of C-C bonds perpendicular to the tube axis is 1.45 Å and 1.39Å, respectively, when the lattice length c = 2.485Å and c = 2.580 Å. The competition between the energies of the bonds along the tube and those perpendicular to the tube gives rise to the two ground state structures for the (2,2) nanotube. The electrons are more localized at the bonds perpendicular to the tube axis for the tube of c = 2.580 Å, it is an indirect narrow-gap semiconductor, while the tube of c = 2.485 Å is metallic. Their energy band structures are shown in Figs. 11 (b) and (c). The dielectric functions calculated for the (2,2) carbon tube corresponding to the two ground state structures are shown in Fig. 10 (b) . We note that the two peaks of the resonant Raman spectrum are well represented in the calculated dielectric function, implying that semiconducting and metallic (2,2) nanotubes are co-existing in the AEL channels. If the intensity of Raman signal is proportional to the population of the nanotube, then Fig. 10 (a) implies that the population of the semiconducting (2,2) tube is much higher than that of metallic (2,2) tube. This is reasonable, as the total formation energy of the semiconducting (2,2) tube is lower than the total energy of the metallic (2,2) tube, as shown in Fig. 11 (a) . It is very interesting to see if the semiconducting tubes and the metallic tubes are switchable with each other by a suitable external perturbation, e. g. thermal annealing or laser illumination. Detailed investigation of these semiconducting and metallic properties of the (2,2) SWNTs is in progress. ) excited using laser lines with various photon energies. The calculated dielectric functions of the (2,2) carbon nanotube corresponding to the two ground state structures (see Fig. 11 ) for c = 2.485Å (solid line) and c = 2.580Å (dot chain), respectively. The two peaks of the resonant Raman spectrum are seen to be well represented in the calculated dielectric function.
Keep the dual electronic structures of the (2,2) nanotube in mind, let's look the two Raman active G modes in Fig. 2 in more details. The frequency of the G mode can be approximately given by an empiric equation, 1.4 / i G G C d , here C i is a constant [29, 30] , for a metallic nanotube, C metal = 79.5 cm -1 nm 1.4 , and for semiconducting tube C semiconduct = 47.7 cm -1 nm 1.4 . Using diameter of 0.3nm and the above C i for the metallic and semiconducting (2,2) nanotubes, the calculated frequencies of the G modes are 1163 cm -1 for metallic (2,2) tube, and 1334 cm -1 for semiconducting (2,2) tube, respectively, agreed well with the two G -Raman bands observed in this frequency region in Fig. 2 . 
